Introduction
============

Malaria continues to be a huge social, economic, and health problem, particularly in tropical countries. The disease kills between one and three million people, the majority of whom are young children.[@b1-ijn-9-3865] This death toll exceeds the mortality rate from AIDS (acquired immunodeficiency syndrome). Efforts to control malaria have included attempts in the development of effective vaccines, eradication of mosquito vectors, and development of new drugs. Malaria parasites have demonstrated some level of resistance to almost every antimalarial drug available,[@b2-ijn-9-3865] with some of the drugs in use having serious side effects. The failure of mosquito eradication, drug resistance, and the nonavailability of an effective antimalarial vaccine herald the need for alternative antiplasmodial therapy, a search for novel antimalarial compounds, or improvement of the existing antimalarials.[@b3-ijn-9-3865]

Primaquine (PQ) is one of the most widely used antimalarial drugs and is the only available drug to date for combating the relapsing form of malaria, especially in the case of *Plasmodium vivax* and *P. ovale*.[@b4-ijn-9-3865] PQ has a unique and powerful role in the prevention and cure of malaria. Although its mechanism of action is not yet fully understood,[@b5-ijn-9-3865] it is thought to interfere with the cellular respiration of the parasite by generating oxygen free radicals and deregulating the electron transport.[@b6-ijn-9-3865] PQ is a tissue schizonticide 8-aminoquinoline group of drug that destroys exoerythrocytes and hypnozoites in the liver,[@b7-ijn-9-3865] thus preventing relapse and recrudescence. However, the drug has serious side effects including nausea, vomiting, stomach cramps, and hemolytic anemia.[@b8-ijn-9-3865] This prohibits its use in key groups, such as pregnant women.[@b5-ijn-9-3865] The PQ dose-limiting side effects including acute hemolytic anemia in individuals with glucose-6-phosphate dehydrogenase deficiency (G6PD deficiency), methemoglobinemia, leukocytopenia, leukocytosis, gastrointestinal disturbances, and abdominal cramps[@b9-ijn-9-3865] are partly due to the nonspecific targeting and short half-life that necessitates frequent dosing. For instance, for *P. vivax*, the dosage is 30 mg daily for 14 days, while for *P. ovale*, the dosage is 15 mg daily for 14 days.[@b4-ijn-9-3865] The drug is also a casual prophylactic, especially for travelers to endemic areas,[@b10-ijn-9-3865] but the dose frequency is also relatively frequent as the dosage involves 30 mg once daily, starting the day before travel and continues up to 7 days after returning. PQ oral bioavailability is also limited due to pre-systemic metabolism and excretion.[@b11-ijn-9-3865] With all this in mind, there is a need to reformulate this drug in order to enhance efficacy, reduce dose frequency, and subsequently reduce toxicity. A promising strategy to overcome these problems involves the development of a suitable drug-carrier system. Nanomedicine drug-delivery systems present the ability to enhance the therapeutic properties of current antimalarials. Nanomedicine drug-delivery systems including liposomes, dendrimers, lipids, pheroids, solid lipid nanoparticles (SLNs), polymeric nanoparticles, and nanocapsules have been developed in the effort to overcome delivery barriers.[@b12-ijn-9-3865]

One of the strategies that can be employed to improve PQ is reformulation into nanoparticles. Nanoparticles have been investigated for many applications due to the enhanced material properties that result from a reduction in particle dimensions. The most active area of research is in the pharmaceutical industry, where nanoparticles have the potential to provide drug-delivery vehicles.[@b13-ijn-9-3865] Some advantages of nanoformulated drugs include maintaining drug therapeutic concentrations and circulatory time at target sites; protection from premature degradation in the gastrointestinal tract; improved pharmacokinetics, solubility, bioavailability, and stability; reduced toxicity; reduction in dose and dose frequency; enhancement of patient compliance; and prevention, reduction, or delay of onset of resistance.[@b14-ijn-9-3865]

The main aim of using nanocarriers as drug-delivery systems is to promote drug protection against extracellular degradation, to improve selectivity in relation to the target, and to reduce dose frequency as well as duration of the treatment via enhancing the pharmacokinetic profile of the drug.[@b15-ijn-9-3865]--[@b17-ijn-9-3865] Nanoformulation of drugs has made an impact in therapies for diseases like cancer.[@b14-ijn-9-3865] For example, Doxil^®^ (Alza Corp., Mountain View, CA, USA) is a nanomedicine formulation of the anthracycline drug doxorubicin that is currently in use for cancer treatment. The four first-line antituberculosis drugs rifampicin, isoniazid, ethambutol, and pyrazinamide have been nanoformulated in polymeric nanoparticles.[@b18-ijn-9-3865],[@b19-ijn-9-3865] In contrast, nanotechnology has not been widely applied to transform therapies for poverty-related diseases such as malaria. Nevertheless, albumin and gelatin nanoparticles of PQ have been synthesized and shown to reduce toxicity in mice.[@b20-ijn-9-3865] Increased life-span index related to PQ-loaded nanoparticles was demonstrated after administration of free PQ diphosphate, free poly(diethyl methylidenemalonate) (poly\[DEMM\]) nanoparticles, and PQ-loaded poly(DEMM) nanoparticles as a single intraperitoneal injection to *P. berghei*-infected mice.[@b21-ijn-9-3865] In yet another study in mice, PQ-loaded liposomes were shown to protect nontarget tissues such as lung, kidneys, heart, and brain from PQ accumulation, thereby reducing the toxicity of PQ.[@b22-ijn-9-3865],[@b23-ijn-9-3865]

The current study envisaged that reformulating PQ would enhance its efficacy and half-life, which may impact on its dosing regimen by enabling lower dosage and longer frequency. These will lead to reduced toxicity and better patient compliance. The strategy employed toward this was through the synthesis of PQ-loaded SLNs (PQ-SLNs). SLNs introduced in 1991 represent an alternative carrier system to traditional colloidal carriers such as emulsions, liposomes, and polymeric micro- and nanoparticles.[@b24-ijn-9-3865] SLNs are submicron colloidal carriers ranging from 50 nm to 1,000 nm. The system consists of spherical solid lipid particles in the nanometer ranges, which are dispersed in water or in aqueous surfactant solution. The solid core contains the drug dissolved or dispersed in the solid high melting fat matrix.[@b25-ijn-9-3865] The general ingredients include solid lipid(s), emulsifier(s), and water. A major advantage of SLNs is the fact that the lipid matrix is made from physiological lipids, which decreases the danger of acute and chronic toxicity.[@b26-ijn-9-3865] The solvent emulsification-evaporation method was selected for the formation of the nanoparticles. This method has emerged as a superior technique for preparing SLNs. A key step involves dispersions by precipitation in oil-in-water (o/w) emulsions. The lipophilic material is dissolved in a water-immiscible organic solvent that is emulsified in an aqueous phase. Upon evaporation of the solvent, nanoparticle dispersion is formed by precipitation of the lipid in the aqueous medium.[@b27-ijn-9-3865] Reproducibility of this method is reported to be high.[@b28-ijn-9-3865] The procedure used in forming the PQ-SLNs is outlined below.

Materials and methods
=====================

Materials
---------

All materials, reagents, chemicals, and PQ base used in the research were supplied by our partners at the Center for Excellence in Nanomedicine at the Council for Scientific and Industrial Research (CSIR), Pretoria, South Africa. The stearic acid (SA), chitosan low-viscous, polyvinyl alcohol (PVA) of molecular weight 13,000--23,000 and partially hydrolyzed (87%--89%), D-lactose monohydrate, sulfanoyl, and ethyl acetate (EtOAc) were purchased from Sigma-Aldrich (Johannesburg, South Africa), and Pluronic^®^ F127 Prill from BASF Corporation (Mount Olive, NJ, USA). All other chemical products were commercially available and of analytical grade. In this experimental design, stearic acid was the matrix; PVA and pluronic were surfactants and thus stabilized the emulsion, and chitosan was a mucoadhesive helping to increase circulation time in the intestines to enable most of the nanoparticles to be absorbed. Lactose enhanced particle size reduction, since it is a binder, while sulfanoyl was used as an antifoaming agent.

Preparation of SLNs
-------------------

Nanoparticles were prepared using a modified double-emulsion solvent evaporation technique. Aqueous 2 mL of 2% PVA was stirred for a short period with 100 mg PQ using a magnetic stirrer to form the first aqueous phase containing the drug. The organic phase was made by dissolving 50 mg of stearic acid in 10 mL of EtOAc. The aqueous phase was dispersed in the organic phase by means of a high-speed homogenizer (Silverson L4R; Silverson Machines Limited, Buckinghamshire, UK), with a speed varying between 3,000 and 6,000 rpm for 3--6 minutes. The resulting water-in-oil emulsion was transferred into a specific volume of an aqueous solution made by mixing solutions of 10 mL of 2% PVA (weight/volume \[w/v\]), 5 mL of 0.2% (w/v), chitosan low-viscous, and 5 mL of 5% (w/v) D-lactose monohydrate. A drop of sulfanoyl was added to the resultant water-in-oil-in-water (w/o/w) emulsion, and the mixture was further emulsified for 5 minutes by homogenization at 8,000 rpm. The double emulsion (w/o/w) obtained was directly fed into a benchtop Buchi mini-spray dryer (Model B-290; BÜCHI Labortechnik AG, Flawil, Switzerland) and spray-dried at a temperature ranging between 80°C and 110°C, with an atomizing pressure varying between 5 and 8 bars. Nanoparticles obtained were characterized for particle size, polydispersity index (PDI), zeta potential, encapsulation efficiency (EE%) and drug loading (DL%). Experimental procedures above were repeated with varied homogenization speed and time, varied concentrations of the surfactant, change of surfactant, the effect of internal phase to external phase ratio, and the effect of chitosan and lactose to the emulsion. Scale-up experiments were also performed to determine the large scale application of this method.

Particle size, size distribution, and zeta potential
----------------------------------------------------

Particle size and size distribution were measured by dynamic laser scattering or photon correlation spectroscopy using a Malvern Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). For each sample, 1--3 mg of nanoparticles was suspended in distilled water, then vortexed and/or sonicated for a few minutes. Each sample was measured in triplicate. Zeta potential was also determined using the same instrument.

### EE% and DL%

EE% was determined using both the direct and indirect method. In the indirect method, 20 mg of the prepared nanoparticles were dispersed in 10 mL of water and vortexed in falcon tubes until fully dispersed. The resultant solution was then ultra-centrifuged at 15,000 rpm for 20 minutes at 4°C. The supernatant was then taken for ultraviolet-visible (UV-VIS) analysis at wavelengths between 400 nm and 200 nm. For the direct method, the precipitate was taken and dissolved in a specified amount of EtOAc. Water was then added to the solution and left overnight. The aqueous phase was then separated by means of a separating funnel and analyzed for PQ concentration. The concentration of the drug was determined by means of a standard curve as extracted from UV-VIS spectrometry analysis by using different known concentrations of the drug. The EE% and DL% were calculated using the formulas below: $$\text{EE}\% = (\text{drug~in~precipitate/total~added~drug~}) \times 100$$ $$\text{DL}\% = (\text{drug~in~precipitate/drug~in~precipitate} + \text{added~excipients}) \times 100$$

where "drug in precipitate" = total drug added − free drug after ultra-centrifugation (indirect method) and "added excipients" = lipids + surfactant mixtures + other ingredients used.

Thermal properties
------------------

Thermogravimetric analysis (TGA) was used to measure the physical and chemical changes of the nanoparticles as a function of temperature. A sample of PQ-free drug, empty nanoparticles, and drug-loaded nanoparticles were analyzed using TGA (TGA-601; PerkinElmer Inc., Waltham, MA, USA) connected to an inert nitrogen gas flow and at a heating rate of 10°C/minute.

Polymorphism analysis
---------------------

Differential scanning calorimetry (DSC) was performed using model Q200 equipped with an automated computer-controlled refrigerated cooling system (RSC-90) and TZero capabilities (TA Instruments, New Castle, DE, USA). DSC thermograms were collected using a sample weight of 3--5 mg powder and placed in TZero alodine-coated aluminum DSC pans, which were then hermetically sealed with a TZero hermetic sealer (TA Instruments). Phase transition temperatures -- melting point -- of the samples were measured under a 50 mL/minute dry ultra-high purity nitrogen gas (Scott-Gross, Winchester, KY, USA) purge in DSC. The samples were heated at 10°C/minute from 10°C to 200°C. At least four melting scans were carried out to ensure melting point temperature reproducibility. Measured DSC data were analyzed using a coupled DSC Q200-1740 data station. DSC can be used to determine the nature and speciation of crystallinity within nanoparticles through the measurement of glass and melting point temperatures and their associated enthalpies.

Surface morphology
------------------

Scanning electron microscopy was used to provide a way to directly observe the morphological appearance of the nanoparticles. The particles were first coated in gold to minimize the effect of heat during high-power magnification and were then run through a scanning electron microscope machine (SU1510 model; Hitachi Ltd., Tokyo, Japan) where pictures of the nanoparticles were taken. Fourier transform infrared spectroscopy (FTIR) was also used to determine the functional groups present on the surface of the nanoparticle.

Storage stability of SLNs
-------------------------

Physical stability of SLNs during prolonged storage in room temperature (22°C--28°C) was determined routinely by monitoring changes in zeta potential, particle size, and PDI as a function of time. External parameters such as temperature and light are of primary importance for long-term stability. Zeta potential should in general remain high for a dispersion to remain physically stable.

In vitro release experiment
---------------------------

In vitro release studies were performed using the method described by Mühlen and Mehnert,[@b29-ijn-9-3865] with modifications. Twenty milligrams of the spray-dried nanoparticles were weighed into 13 different falcon tubes and dispersed in 10 mL of distilled water. The dispersion was vortexed for 10 minutes to ensure uniformity. The dispersion was then ultra-centrifuged at 15,000 rpm for 20 minutes at 4°C. The supernatant was then discarded as a means of washing the nanoparticles. The precipitates in the falcon tubes were further dispersed in a buffer solution of pH 7.0 and then placed in a shaker, with bath water maintained at 37°C to mimic body conditions. The supernatant from each tube was taken for UV-VIS analysis at wavelengths between 400 nm and 200 nm after 0, 6, 12, 18, 24, 30, 36, 42, 48, 54, 60, 66, and 72 minutes respectively. The analysis gave the amount of drug released from the nanoparticles with time.

### In vivo 4-day suppressive test

Prior to commencement, ethics approval to carry out the study was given by the Kenya Medical Research Institute Animal Care and Use Committee. In vivo antimalarial efficacy was evaluated based on a documented 4-day suppressive test.[@b30-ijn-9-3865] Swiss albino mice were infected intraperitoneally with blood containing 2×10^7^ parasitized *P. berghei* ANKA red blood cells contained in 0.2 mL inoculums on day zero. Five mice were used per group. Two hours post-infection, the test animals were orally treated with two dose levels of either PQ-SLNs or PQ free drug at 5 and 2 mg/kg/day. Negative control received vehicle used to suspend samples, which was composed of 7% Tween-80 and 3% ethanol in water. Drug administration was repeated 24, 48, and 72 hours post-infection. On day 4 (96 hours post-infection), blood smears were taken by making a thin film from a tail snip of each mouse, fixed in methanol and stained with 10% Giemsa for 20 minutes. Blood smears were used to estimate the level of parasitemia. Percentage chemosuppression (parasite reduction) was calculated as described in the literature.[@b31-ijn-9-3865]

Results and discussion
======================

Role of different excipients to basic characteristics of formulations
---------------------------------------------------------------------

Various parameters were examined to optimize nanoparticle size, charge, and DL%. Particles of size \<500 nm were targeted, as particles of this size are known to be absorbed in the gastrointestinal tract intact. Considering that PQ targets liver stages of malaria parasites, the targeted size was thus found to be ideal. [Table 1](#t1-ijn-9-3865){ref-type="table"} gives results obtained under varied parameters.

Empty nanoparticles formed at a size of 210 nm in run one. The size increased to 256 nm upon inclusion of 100 mg PQ. This colloidal system was stabilized by 2% PVA. To try to reduce the particle size further, chitosan was excluded in run three. The size reduced to 218 nm; however, the surface charge of the particles became negative. Considering that the gastrointestinal tract lining is negatively charged, a repulsion of the like charges would significantly reduce absorption of the negatively charged PQ-loaded nanoparticles. Chitosan a high positively charged molecule was thus found to be a very important additive for the purpose of introducing positive charge on the particle surface to increase absorption. In the absence of lactose (run four), particle sizes of 607 nm were obtained. Lactose acts as a binder by bringing together the matrix units, thereby reducing size to a tightly intertwined network of matrix and drug. Vegetal oil as a replacement of the SA as the solid lipid also gave significantly larger nanoparticles as shown in run five. Increasing amounts of lactose as the binder reduced the particle size to 236 nm, with a higher positive surface charge of 23.0 mV and an EE% of 75%, and thus was taken as the optimum condition. High amounts of lactose, however, negatively impacted on DL% capacity, which declined from 15.9% to 14% when the amount was doubled. The loading capacity is generally expressed as a percentage related to the lipid phase (matrix lipid + drug). Loading capacities of typically 1%--5% yielded an EE% of up to 50% for ubidecarenone,[@b32-ijn-9-3865] while for tetracaine and etomidate, loading capacities of 10%--20% have been reported.[@b33-ijn-9-3865]--[@b35-ijn-9-3865] Other reports have shown loading capacities of 5%, 20%, and 20%--25% for retinol, coenzyme Q10, and cyclosporine, respectively.[@b36-ijn-9-3865],[@b37-ijn-9-3865] PQ-SLNs in this experiment depicted similar loading capacity. Factors determining the loading capacity of drug in lipid are the solubility of drug in lipid, miscibility of drug and lipid, chemical and physical structure of solid lipid matrix, and the polymorphic state of the lipid material.[@b37-ijn-9-3865] Prerequisite to obtain sufficient loading capacity is sufficiently high solubility of the drug in the lipid. The solubility in lipid is enhanced by addition of solubilizers.[@b38-ijn-9-3865]

Effects of surfactant concentration and homogenization time on particle size
----------------------------------------------------------------------------

Effect of surfactant concentration and homogenization time on particle size, PDI, and zeta potential was investigated using a two-factorial completely randomized design, with surfactant concentration as the main factor and homogenization time as a subfactor. When surfactant concentration was gradually increased from 0.5% to 5%, particle size significantly (*P*≤0.05) reduced with an increase in surfactant concentration with smallest nanoparticles being obtained at a PVA concentration of 2%. Further increase in surfactant concentration beyond that point significantly (*P*≤0.05) increased size of nanoparticles. Similarly, increase in homogenization time significantly (*P*≤0.05) reduced the particle size, up to an optimum at 10 minutes.

There was a significant (*P*≤0.05) interaction between homogenization time and surfactant concentration, indicating that the choice of surfactant and surfactant concentration could affect homogenization time. Similar trends were observed for the PDI and zeta potential. The coefficients of variation were within the statistically acceptable limits.

Effect of internal to external ratio on the particle size
---------------------------------------------------------

The ratio between the internal and external phases was also examined. As shown in [Table 2](#t2-ijn-9-3865){ref-type="table"}, at equal volume of the two phases, the particle size was large. This could be attributed to the fact that no phase could comfortably disperse in the other, as an enclosure of a smaller phase by a larger phase is ordinarily mandatory. The more the amount of the external phase, the smaller the size of the resultant nanoparticle.

Effect of inlet temperature during spray drying
-----------------------------------------------

Spray-drying conditions were found to impact on the nanoparticles characteristics. [Table 3](#t3-ijn-9-3865){ref-type="table"} gives various conditions that were applied during drying and the state of nanoparticles recovered. At 70°C inlet temperature, the powder recovered was not free-flowing, indicating that moisture content was high. Percentage recovery yield was highest at 65%, though this could be attributed to retained moisture. Particle size gradually decreased with increase in inlet temperature, and at 100°C, a free-flowing powder of nanoparticles was obtained. At 100°C, outlet temperature coming into contact with the nanoparticles was found to be 65°C, and at 110°C, outlet temperature was found to equal the melting point of the SA particle matrix (67°C--69°C); thus 100°C was taken as the optimum temperature to avoid melting the nanoparticle matrix.

TGA
---

TGA analysis gave the degradation points of the tested samples shown in [Figure 1](#f1-ijn-9-3865){ref-type="fig"}. The first depression in the curves was a measure of moisture content. From TGA analysis, sample moisture content was found to be 4%--5%. A moisture content of less than 5% is acceptable in the pharmaceutical industry. PQ-loaded nanoparticles gradually degraded at a temperature above 176°C. This was comparable to that of free PQ. A residue of between 32% and 35% was retained for both free PQ and the nanoformulated PQ, even when they were heated to 700°C, while SA degraded to a minimal amount of residue.

[Figure 2](#f2-ijn-9-3865){ref-type="fig"} gives DSC results of the nanoformulated PQ. DSC was performed to determine the crystallinity of drug in nanoparticles. Crystallinity in nanoparticles is an important consideration as it greatly affects the solubility and dissolution characteristics of the drug.[@b39-ijn-9-3865] To determine the crystallinity state of the PQ-SLNs, samples were gradually heated and then allowed to cool in the DSC instrument as explained previously, and the DSC thermograms then collected. The DSC curve of PQ-SLNs revealed an endothermic melting peak (maximum 67°C). There was a very slight shift in thermograms of PQ-loaded nanoparticles as compared with empty nanoparticles, probably occasioned by drug to polymer interactions. The shift of the endothermic peak of PQ in SLNs indicated that the drug was molecularly dispersed inside the matrix of stearic acid. PQ in crystalline form is known to melt sharply at temperatures of about 175°C--178°C. After nanoformulation, this peak disappeared, and the only peak observed was the one of matrix (stearic acid) at about 67°C. This is attributed to the fact that the drug changed its characteristics from crystalline form to amorphous form. When considering the crystallinity of polymeric nanoparticles, it is suggested that degradation occurs first in the amorphous regions of the particle, followed by a slower degradation in the crystalline regions. However, in SLNs, the opposite is observed. This observation thus suggests that the crystallinity affects the degradation rate and thus the drug-release kinetics.[@b40-ijn-9-3865] In general, amorphous (non-crystalline) forms of the particles may present faster dissolution rates compared with crystalline forms.[@b40-ijn-9-3865] Drug release is less rapid in amorphous nanoparticles than in crystalline particles. Lack of crystallinity suggests better drug dispersion and increased drug--matrix interactions, leading to the conclusion that if slow-release kinetic is required, reduced crystallinity is favored,[@b39-ijn-9-3865] as was achieved in our study.

Morphological analysis
----------------------

[Figure 3](#f3-ijn-9-3865){ref-type="fig"} shows images from the scanning electron microscope of the nanoformulated PQ. PQ-SLNs obtained were seen to be spherical in shape. Despite gold coating, magnification of \>×30,000 caused melting of particles, causing them to agglomerate, as could be seen from the images. This was expected, as stearic acid used as matrix melts at temperatures above 67°C.

The FTIR chromatogram in [Figure 4](#f4-ijn-9-3865){ref-type="fig"} shows peaks of the drug formulations. The level of drug enclosure in the nanoparticles or absence in the case of the drug-free nanoparticles could be deduced from the chromatograms. Of particular interest was the NH~2~ bending at 1,614 cm^−1^ and aromatic C=C stretching at around 1,532 cm^−1^ and 1,467 cm^−1^. As seen in [Figure 4](#f4-ijn-9-3865){ref-type="fig"}, free drug had more pronounced peaks in those particular absorbance regions, but in the case of the nanoparticles with 5 mL of lactose, the peaks appeared reduced. When 15 mL of lactose was used as a structural binder, the peaks reduced much further, indicating successful encapsulation in the solid lipid matrix as has been similarly observed in other studies.[@b41-ijn-9-3865]--[@b43-ijn-9-3865]

Stability of the SLNs with time
-------------------------------

The nanoparticles showed that they were stable in reference to particle size, zeta potential, and PDI. Changes in nanoparticle characteristics with respect to time are given in [Table 4](#t4-ijn-9-3865){ref-type="table"}. It was observed that drug-loaded particles maintained their characteristics when stored at room temperature. Similar observations have been made previously, where it was noted that topotecan-loaded lipid nanoparticles are stable between temperatures of 4°C and 50°C over a period of 90 days, but temperatures above this cause the nanoparticles to agglomerate.[@b38-ijn-9-3865] It is thus advisable to store the PQ-SLNs at room temperature, as they did not show any effects.

In vitro release studies
------------------------

There are distinctly less data available about drug release,[@b29-ijn-9-3865] especially information about the release mechanisms. Most of the data about in vitro drug-release mechanisms have been generated by studying the model drugs tetracaine, etomidate, and prednisolone.[@b29-ijn-9-3865],[@b44-ijn-9-3865] A major problem during the work with lipid nanopellets has been the burst release observed with these systems. When not washed properly, PQ-SLNs could show a burst release due to unencapsulated drug. A prolonged drug release has been obtained when studying the incorporation of prednisolone.[@b37-ijn-9-3865] This demonstrated the principal suitability of the SLN system for prolonged drug release.[@b29-ijn-9-3865] More importantly, one can modify the release profiles as a function of lipid matrix, surfactant concentration, and production parameters such as temperature,[@b29-ijn-9-3865] although this was not investigated in this experiment. In vitro drug release was achieved for up to 72 hours, as shown in [Figure 5](#f5-ijn-9-3865){ref-type="fig"}. The profiles can be modulated showing prolonged release without any burst at all through proper washing of the nanoparticles, but also generating systems with burst can be exploited to deliver an initial high dose when desired.[@b37-ijn-9-3865]

In vivo antimalarial efficacy
-----------------------------

Suppressive efficacy against the malaria parasite was evaluated by comparing the percentage reduction of parasitemia (chemosuppression) between the treated and untreated groups. Results are shown in [Table 5](#t5-ijn-9-3865){ref-type="table"}. Average parasitemia in both nanoformulated and free PQ drug were significantly lower (*P*≤0.05) than that of the untreated group for both test concentrations. There was no significant difference in parasitemia levels and survival time between the unloaded nanoparticles and the untreated control group, indicating that the empty nanoparticles and the excipients therein did not exert any antimalarial activity. When mice were treated with PQ-SLNs at a dose of 2 mg/kg/day, chemosuppression of 93.5% was observed. In comparison, only 71.9% chemosuppression was observed when mice were treated with free PQ at a similar dose. This indicated that nanoformulation of PQ increased its efficacy by more than 20%. The mean survival time of mice treated with the nanoformulated PQ was similarly enhanced when compared with the group of mice that received the conventional dose of PQ. In a previous study, it was observed that formulating PQ into the nanoemulsion shows effective antimalarial activity against *P. berghei* infection in Swiss albino mice at 25% lower dose level compared with the conventional oral dose.[@b11-ijn-9-3865]

Conclusion
==========

PQ-SLNs were successfully formed using a modified solvent emulsification evaporation method based on a w/o/w double emulsion. The particle size was small enough to allow direct absorption in the gastrointestinal tract. This coupled with a moderately positive surface charge is envisaged to allow for high absorption that could trigger an elevated concentration of PQ base in the liver. Since the drug is highly effective against hypnozoites/liver stages of all malaria species, the formulation will be highly efficacious, even at reduced dosages. A prolonged drug-release profile was observed which may positively impact on dosage frequency and consequently result in reduced toxicity. Efficacy evaluation in mice showed that the nanoformulated PQ was 20% more effective as compared with the conventional oral dose, indicating the great potential of improving antimalarial efficacy of drugs by nanoformulating them into SLNs.
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![Thermogravimetric analysis curves for the tested samples.\
**Notes:** Heating rate = 10°C/minute, N~2~ atmosphere.\
**Abbrevation:** PQ, primaquine.](ijn-9-3865Fig1){#f1-ijn-9-3865}

![(**A**) DSC cooling scans; (**B**) DSC heating scans.\
**Notes:** Empty nanoparticles refers to solid lipid nanoparticles that do not contain drug; Exp 1 normal refers to primaquine-loaded solid lipid; Exp 2 refers to stearic acid alone, which was used as the matrix in forming the solid lipid nanoparticles.\
**Abbreviations:** DSC, differential scanning calorimetry; Exp 1, experiment number 1; Exp 2, experiment number 2.](ijn-9-3865Fig2){#f2-ijn-9-3865}

![Scanning electron microscopy images of drug-loaded solid lipid nanoparticles at ×20,000 (**A**) and ×50,000 (**B**) magnification.](ijn-9-3865Fig3){#f3-ijn-9-3865}

![Fourier transform infrared spectroscopy graphs for primaquine nanoparticle formulations. First from top (**a**) is formulation with 5 mL of lactose, second (**b**) has no drug, third (**c**) has 15 mL of lactose, and the bottom one (**d**) is free drug.](ijn-9-3865Fig4){#f4-ijn-9-3865}

![In vitro release profile of primaquine-loaded solid lipid nanoparticles.](ijn-9-3865Fig5){#f5-ijn-9-3865}

###### 

Change of basic characteristics of formulations in response to variation in excipients

  ----------------------------------------------------------------------------------------------------------
  Formulation              Size, nm (mean ± SD)   PDI         ZP, mV (mean ± SD)   EE%         DL%    
  ------------------------ ---------------------- ----------- -------------------- ----------- ------ ------
  2% PVA, no drug\         0.2% chitosan\         210.1±1.1   0.17±0.01            11.3±2.2    --     --
  EtOAc, SA, sulfonyl      2% PVA, 5% lactose                                                         

  2% PVA, PQ\              0.2% chitosan\         256.4±2.9   0.18±0.02            19.0±2.8    64.1   15.9
  EtOAc, SA, sulfonyl      2% PVA, 5% lactose                                                         

  2% PVA, PQ\              No chitosan\           218.2±4.3   0.21±0.06            −6.54±1.8   --     --
  EtOAc, SA, sulfonyl      2% PVA, 5% lactose                                                         

  2% PVA, PQ\              0.2% chitosan\         607.5±2.4   0.53±0.04            8.14±1.3    --     --
  EtOAc, SA, sulfonyl      2% PVA, no lactose                                                         

  2% PVA, PQ\              0.2% chitosan\         634.5±7.1   0.27±0.03            19.4±0.2    --     --
  DCM, Vegetal, sulfonyl   2% PVA, 5% lactose                                                         

  2% PVA, PQ\              0.2% chitosan\         236.4±2.9   0.14±0.02            23.0±2.8    75.2   14.0
  EtOAc, SA, sulfonyl      2% PVA, hg-lactose                                                         
  ----------------------------------------------------------------------------------------------------------

**Abbreviations:** DCM, dichloromethane; DL, drug loading; EE, encapsulation efficiency; EtOAc, ethyl acetate; hg, elevated amount (10 mL of 5% lactose as opposed to 5 mL used in other runs); PDI, polydispersity index; PQ, primaquine; PVA, polyvinyl alcohol; SA, stearic acid; ZP, zeta potential.

###### 

Effect of internal to external ratio on particle size

  Formulation   Size, nm (mean ± SD)   PDI         ZP, mV (mean ± SD)
  ------------- ---------------------- ----------- --------------------
  1:1           653.7±8.7              0.61±0.12   6.60±0.13
  1:2           236.4±2.9              0.14±0.02   23.00±2.81
  1:3           218.6±2.1              0.23±0.04   21.90±2.02

**Abbreviations:** PDI, polydispersity index; ZP, zeta potential.

###### 

Effect of spray-drier temperature on particle size and yield

  Formulation   Inlet, °C   Pump rate   Aspirator, %   Pressure, bar   PS, nm (mean ± SD)   PDI         ZP, mV (mean ± SD)   Yield, %
  ------------- ----------- ----------- -------------- --------------- -------------------- ----------- -------------------- ----------
  SA-PQ         70          2           100            5               256.1±2.7            0.23±0.04   18.3±2.4             65
  SA-PQ         80          2           100            5               251.4±2.9            0.18±0.08   16.4±3.7             64
  SA-PQ         90          2           100            5               246.3±3.2            0.21±0.05   19.3±2.6             62
  SA-PQ         100         2           100            5               236.4±2.9            0.14±0.02   23.0±2.8             58

**Abbreviations:** PDI, polydispersity index; PQ, primaquine; PS, particle size; SA, stearic acid; ZP, zeta potential.

###### 

Changes in nanoparticle characteristics with respect to time

  Property                                          Time                                
  ------------------------------------------------- ----------- ----------- ----------- -----------
  Size[\*](#tfn4-ijn-9-3865){ref-type="table-fn"}   236.4±2.9   238.4±2.2   236.9±3.4   237.8±2.5
  PDI                                               0.14±0.02   0.15±0.04   0.10±0.01   0.15±0.07
  ZP\*\*                                            23.0±2.8    24.0±1.8    23.2±2.4    21.0±3.1

**Notes:**

Size in nm, ZP\*\* in mV.

**Abbreviations:** PDI, polydispersity index; ZP, zeta potential.

###### 

Percentage chemosuppression of test samples in suppressive test against *Plasmodium berghei* ANKA

  Test sample                Dosage, mg/kg/day                                   Average parasitemia                                  Percentage chemosuppression   Survival time, days
  -------------------------- --------------------------------------------------- ---------------------------------------------------- ----------------------------- ---------------------
  Primaquine nanoparticles   5                                                   0.8±0.1[a](#tfn7-ijn-9-3865){ref-type="table-fn"}    98.6±2.3                      26±2.8
  2                          1.8±0.6[a](#tfn7-ijn-9-3865){ref-type="table-fn"}   93.5±1.9                                             23±3.1                        
  Primaquine free drug       5                                                   2.4±0.3[a](#tfn7-ijn-9-3865){ref-type="table-fn"}    91.3±2.4                      22±2.4
  2                          7.8±0.9[a](#tfn7-ijn-9-3865){ref-type="table-fn"}   71.9±1.7                                             14±2.0                        
  Empty nanoparticles        5                                                   26.9±1.2[b](#tfn8-ijn-9-3865){ref-type="table-fn"}   0                             8.9±1.5
  Untreated group            --                                                  27.7±1.4                                             0                             8.1±0.8

**Notes:** Values are expressed as mean ± standard error of the mean.

Significantly different from the untreated group (*P*\<0.05).

Not significantly different from the untreated group (*P*\<0.05), n=5 mice per group.
